We examined voluntary wheel running and forced treadmill running exercise performance of wild type mice and mice null for the desmin gene. When given access to a cage wheel, desmin null mice spent less time running and ran less far than wild type mice. Wild type mice showed a significant training effect with prolonged voluntary wheel running, as evidenced by an increase in mean running speed across the 3-week exercise period, while desmin null mice did not. Desmin null mice also performed less well in acute treadmill stress and endurance tests compared to wild type mice. We also evaluated serum creatine kinase (CK) activity in wild type and desmin null mice in response to running. Voluntary running did not result in elevated CK activity in either wild type or desmin null mice, while downhill treadmill running caused significant increases in serum CK activity in both wild type and desmin null mice. However, the increase in serum CK was significantly less in desmin null mice than in wild-type mice. These results suggest that the lack of desmin adversely affects the ability of mice to engage in both chronic and acute bouts of endurance running exercise, but that this decrement in performance is not associated with an increase in serum CK activity.
INTRODUCTION
Desmin is an intermediate filament protein that is a prominent component of the cytoskeleton in vertebrate cardiac, skeletal and smooth muscle (3) . Desmin intermediate filaments are located on the periphery of Z-discs of the sarcomere and in a longitudinal filament system that connects Z-discs to one another. The localization of desmin is consistent with the hypothesis that desmin intermediate filaments play a role in protecting muscle from mechanical damage and/or in maintaining sarcomeric integrity and organization. Eccentric muscle contraction, induced by a training program in humans or by in situ electrical stimulation in animals, can result in Z-line streaming or disruption (8, 9). Staining for desmin in animal muscle undergoing eccentric contraction indicates early disruption of desmin intermediate filaments and loss of desmin immunostaining that may predispose affected muscle fibers to further sarcomere damage and necrosis (9, 10, 18). Muscle tissue experiencing chronic activity such as the soleus or cyclic strain such as the heart or diaphragm muscle shows the greatest amount of myofibrillar disarray and fibrosis in desmin null mice (16, 17, 20, 21, 25) . However, a recent report suggests that muscle soreness is not always associated with the loss of desmin in humans (28), and the extensor digitalis longus (EDL) muscle in desmin null mice is actually more resistant than wild type EDL to the stresses and resulting damage of eccentric contractions in an isolated muscle preparation (23). Thus the role of desmin in protecting muscle cells from the mechanical stresses associated with exercise has yet to be conclusively established. 4 Studies using null and transgenic animals have shown that the absence of a gene product or expression of a mutant structural protein can have varying effects on exercise performance.
For example, mice null for either the IIb or IId/x myosin heavy chain (MyHC) do not run as long, as far, or as fast as wild type mice in a voluntary exercise paradigm (11). Similarly, mice carrying a mutation in the cardiac á-MyHC gene show impaired treadmill exercise performance (7) , Mice null for type XV collagen, which is a major component of the muscle basal lamina, show a greater susceptibility to exercise-induced muscle damage than their wild type littermates, as assessed by histological evidence of muscle damage in cross-sections (6) . In addition, mdx mice, which lack the dystrophin gene product, also run less far than wild type controls in a voluntary free wheel model, and display greater muscle membrane damage than wild type mice as assayed by serum CK activity (4, 5, 12) . Together these studies support the hypothesis that components of both the extracellular matrix and intracellular structural proteins are necessary for normal exercise function in mice.
To date there have been few studies examining the consequences of a loss in desmin expression on muscle function in intact animals. Involuntary swimming exercise results in 50% mortality of desmin null mice, although the cause of death was not reported (21). Moreover, performance parameters were not assessed in this study. Grip task studies reveal that the limbs of desmin null mice are weaker and fatigue more easily than wild type mice (17). While it is clear that the absence of desmin affects acute muscle function, it is not clear to what degree exercise performance might be impaired over time in desmin null mice relative to wild-type mice, or whether desmin null mice can adapt to a prolonged exercise stimulus.
In the present study, we used both voluntary wheel and forced treadmill running exercise protocols to determine the extent to which the absence of desmin affects exercise performance. performed on 6-8 week old males. Wild type and desmin null mice were placed in cages with running wheels attached to bicycle computers as described by Allen et. al (1) . Distance and time run were recorded daily for 3 weeks for each animal, and average speed was calculated from distance and time.
The treadmill stress and endurance tests were performed according to a previously described protocol (15). For both tests, mice were acclimated to the treadmill prior to running by placing them on an unmoving treadmill for 10 min, then at 5 m/min for 10 min. and at 10 m/min for 10 min on succeeding days for 3 days prior to testing. For the stress test, the treadmill was set at a 7 incline and an initial speed of 20 m/min and the speed was increased 1.5 m/min every 2 min. Mice were run until they could not maintain sufficient speed to remain off the shock grid and the maximum speed they attained was recorded. For the endurance test, the treadmill was also initially set at a 7 incline and a speed of 20 m/min. The test ran for 30 min and the time at which mice failed to keep running was recorded. In addition, an optical counter placed at the back of the treadmill recorded the number of times the optical beam was broken per minute (beam breaks/min) by the mouse during the duration of the test. Each test was performed three times with 2 days of rest between each test, and the results were averaged for each mouse.
To examine the effects of downhill running on serum CK activity, mice were run on a treadmill at a 16 decline at 10 m/min for 5 min as described (26). These conditions were previously shown to produce eccentric damage to the gastrocnemius muscle in mdx mice (26).
RESULTS

Voluntary Exercise
Performance. Voluntary exercise performance was categorized based on the average amount of time the mouse ran per day over a 3-week period. Three categories were chosen to represent low, intermediate, and high running: <1 hour, 1-3 hours, and >3 hours average running per day. As shown in Figure 1 , 65% (11 of 17) of desmin null mice ran < 1hour per day, compared to 33% (3 of 9) of wild-type mice. 11% (2 of 17) of desmin null mice ran more than 3 hours per day, while 33% (3 of 9) wild-type mice ran > 3 hours per day. Thus, desmin null mice did not run to the same extent as wild type mice.
Examination of the patterns of time, distance, and speed run over the 3-week period revealed that desmin null mice were lower for all parameters measured. Desmin null mice spent less time running and ran less distance throughout the entire duration of the voluntary exercise period compared to wild type mice ( Fig. 2A and B) . After an initial dramatic decrease in time run for both genotypes following the first day of exercise, average time remained largely steady, decreasing slightly for both genotypes throughout the rest of the exercise period ( Fig. 2A) . In contrast, the average distance run by the wild type mice increased across the training period and was significantly greater than that for the null mice, which did not show any increase (Fig. 2B) .
As a consequence of the increase in mean distance run and the slight decrease in average time run, average speed increased steadily for wild-type (0.71 to 1.23 km/hr, a 73% increase) mice over the 21 day course of the study. Desmin null mice displayed a significantly lower increase in average speed (0.64 to 0.77 km/hr, a 20% increase) over the course of the experiment compared to wild-type mice (Fig. 2C) .
Treadmill exercise performance. Desmin null mice also performed less well than wild-type mice in endurance and stress treadmill exercise tests (Figs. 3A-D) . For the endurance test, treadmillacclimated mice were forced to run at 20 m/min until they could no longer maintain sufficient speed. Most desmin null mice (5 of 6) failed to maintain running for more than 12 minutes, while the majority of wild type mice (8 of 13) were able to run for 25 minutes and 2 mice were able to complete the full 30 minutes in all three runs (Fig. 3B ). In addition, desmin null mice failed to keep pace with the treadmill as well as wild type mice, as indicated by their increased beam breaks/min (Fig. 3A) . Similarly, desmin null mice were unable to achieve the maximum speeds achieved by wild-type mice in the treadmill stress test (Fig. 3C ) and failed at lower speeds compared to wild type mice (Fig. 3D) .
Serum CK activity and wheel running. We examined serum CK activity to determine whether exercise-induced intracellular enzyme efflux differed between wild type and desmin null mice.
Neither wild type nor desmin null mice demonstrated elevated serum CK activity prior to exercise (Fig. 4A) . Moreover, voluntary wheel running exercise did not result in increased serum CK activity in wild type or desmin null mice, but was elevated in voluntarily running mdx mice (Fig. 4) , which served as a positive control.. Therefore, it seems that muscle membrane damage is unlikely to be a factor in the impaired voluntary exercise performance of desmin null mice compared to wild type mice at this age.
Serum CK activity and downhill treadmill running. We employed a downhill treadmill protocol to further assess the role of desmin in protecting muscle from CK efflux. This protocol has been shown to produce increased serum CK activity in mdx mice (26). Serum CK activity for wild type and desmin null mice was not significantly different 3 days prior to or 1 hour post-downhill by 10.220.33.6 on September 7, 2017 http://jap.physiology.org/ Downloaded from running exercise, but serum CK activity at 1 day post-exercise was significantly elevated in both groups of mice (Fig. 5A) . However, serum CK activity in desmin null mice was significantly lower compared to wild type mice (Fig. 5A ). There was no significant difference between wild type and null mice in the ability to tolerate the downhill running (Fig. 5B) .
DISCUSSION
Desmin is a muscle-specific intermediate filament protein believed to play roles in protecting muscle from mechanical perturbations and in maintaining sarcomeric organization.
Since desmin is expressed in cardiac, smooth, and skeletal muscle cells, and all of these systems (cardiac, vascular, and musculoskeletal) are critical to meeting the increased work demands of endurance exercise, we hypothesized that desmin null mice would demonstrate decreased exercise performance compared to wild type mice. Our results demonstrate that the loss of desmin results in impairments in both voluntary and forced running exercise in mice as measured by running distance, time, and speed, but since we did not measure other indices of exercise performance, such as oxygen uptake or muscle contractile properties (24, 27), it is not possible to extrapolate to other forms of endurance or resistance exercise at this time.
The absence of desmin resulted in a significant impairment in voluntary running exercise behavior. Fewer desmin null mice engaged in voluntary running exercise compared to wild type mice, and time, distance, and speed run were also decreased in desmin null mice compared to wild type mice (Fig. 2) . Our results are thus consistent with previous studies on myosin heavy chain IIb and IId/x null mice, which also showed a decrement in voluntary wheel running ability compared to wild type mice (11). Similarly, mdx mice will run voluntarily despite greater muscle damage compared to wild type, but run less far than wild type mice (4, 5, 12) . Together these data suggest that optimal running ability depends on the appropriate expression of proteins related to force generation and transmission.
Desmin null mice also showed impaired performance in two forced treadmill exercise tests. Desmin null mice were not able to tolerate the stress test as well as wild-type mice, reaching maximal running speeds that were significantly lower than those of wild type mice. In addition, desmin null mice were also less able to respond to a prolonged exercise test in which speed was held constant; only 1 desmin null mouse out of 6 (16.7%) was able to run more than
In the present study, we measured serum CK activity to determine whether increased susceptibility to muscle membrane damage contributes to the impaired voluntary exercise performance of the desmin null mice. Serum CK activity is commonly used as an assay for muscle membrane damage following downhill running (4) . While studies on both rodents and humans have suggested that serum CK activity may not be directly quantitatively associated with muscle damage (13, 14), to date there have been few quantitative studies on the relationship between serum CK levels and muscle damage in inbred mouse strains. It should also be recognized that other forms of muscle damage can exist that do not result in elevated serum CK activity and that the results from the present study do not address these other forms of muscle damage.
Neither wild type nor desmin null mice undergoing voluntary wheel running exercise at 3 months of age revealed any evidence of elevated serum CK activity (Figs. 4A) . Therefore, muscle membrane damage as assessed by serum CK levels does not appear to play a major role in the impaired voluntary exercise performance of desmin null mice. The lack of elevated CK activity in wild-type mice also suggests that muscle membrane damage does not occur in response to voluntary running in normal mice either. Mdx mice were used as a control for elevated serum CK activity, and displayed a significant post-exercise increase in serum CK activity compared to wild type and desmin null mice, consistent with previous reports demonstrating increased muscle damage in mdx mice following voluntary exercise (4, 5, 12).
The results suggest that normal wheel running is sufficient to induce elevated serum CK activity in the absence of dystrophin but not desmin. Indeed, using downhill treadmill running to induce eccentric contractions, we observed that desmin null mice had significantly less serum CK activity compared to wild type mice (Fig. 5A) . Together both the voluntary wheel running and the downhill treadmill running data suggest that the absence of desmin results in an impairment of aerobic running exercise performance that is not associated with an increase in serum CK activity. One alternate possibility is that the loss of desmin affects cardiac or skeletal muscle mitochondrial function, which in turn adversely affects aerobic exercise performance.
Consistent with this hypothesis are recent studies suggesting that desmin null mice have reduced mitochondrial function (19, 22).
In conclusion, in the present study we report that the absence of desmin results in impairment of both voluntary and involuntary exercise performance in the absence of elevated serum CK activity. These studies suggest that normal desmin levels are a necessary component of exercise performance, and raise the possibility that mutations in the desmin gene may affect performance in humans as well. These studies also suggest that the role of desmin filaments in lateral force transmission and/or organization of myofibrillar and organellar localization (2) may be more critical during exercise than its role in protection from mechanical insults. Figure 1 . Average time run per day was reduced for desmin null mice compared to wild type mice. Three month old male mice were placed in a cage containing a cage wheel for 3 weeks and the time run per day was recorded and averaged per mouse across the 3-week exercise period. Each circle represents the daily average for one mouse (n = 9 for wild type, n = 17 for desmin null mice). Three categories were chosen to better organize the data: < 1 hour/day, 1-3 hours/day and > 3 hours/day. 65% (11 of 17) of desmin null mice ran < 1hour per day, compared to 33% (3 of 9) of wild type mice. 2 desmin null mice (12%) ran more than 3 hours per day, while 33% (3 of 9) wild type mice ran > 3 hours per day. * = significantly different from wild type, p < 0.05. Average distance run for wild type and desmin null mice. Desmin null mice ran less distance than wild type mice. (C) Average speed run for wild type and desmin null mice. Average speed increased significantly from day 1 to day 21 for wild type mice but increased minimally in desmin null mice. * = all time points after this significantly different from wild type, p < 0.05, n = 9 wild type mice, n = 17 desmin null mice. 
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